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SECTION  1 


INTRODUCTION 


1 .1  Program  Background 

The  Charles  Stark  Draper  Laboratory,  Inc.  (CSDL)  is  involved  with 
research  and  development  in  various  technologies  related  to  guidance  and 
navigation  for  vehicles  of  all  types.  Samarium-cobalt  magnets,  because 
of  their  high  values  of  intrinsic  coercivity  (Hc^)  and  maximum  energy 
product  ^ J max'  are  VBrJr  attractive  permanent  magnet  materials  for 
applications  in  inertial  instruments.  They  are  used  within  inertial 
systems  as  components  of  the  instruments  or  sensors  -  the  gyro  and 
accelerometer.  The  lower  volume  of  the  Sm-Co  magnet  impacts  favorably 
on  the  overall  size  and  weight  of  the  instrument. 

In  addition  to  high  energy  product,  magnets  used  in  advanced 
inertial  instruments  must  also  possess  long-term  flux  stability, 
insensitivity  to  minor  temperature  variations,  and  physical  properties 
compatible  with  those  of  beryllium.  (Beryllium  is  the  structural 
material  used  in  modern  inertial  instruments.)  Commercially  available 
SmCo^  magnets,  produced  by  the  state-of-the-art  powder  metallurgy 
process,  possess  more  than  adequate  Hc^  and  (BH)max,  and  the  thermal 
expansion  coefficient  requires  only  a  small  amount  of  tailoring  to  match 
that  of  beryllium.  The  two  important  areas  where  the  commercial  SmCo5 
magnets  fail  to  meet  the  requirements  of  advanced  inertial  instruments 
are:  (1)  lack  of  adequate,  and  predictable  flux  stability  and  (2)  large 

variation  of  flux  associated  with  a  small  temperature  change. 

Under  sponsorship  from  the  Office  of  Naval  Research  a  comprehensive 
research  program  was  initiated  at  CSDL  in  October  1977  with  the  aim  of 
utilizing  improved  SmCo5  magnet  fabrication  procedures  to  achieve  the 
goals  of  high  flux  stability,  temperature  compensation,  and  thermal 
expansion  matched  to  that  of  beryllium.  During  the  first  two  years  of 


the  present  program,  efforts  focused  on  sintered  and  hot  isostatically 
pressed  magnets  of  the  SmCo^  composition.  A  new  sub task  was  added  as  of 
October  1979,  which  concentrated  on  Sm-Co  magnets  fabricated  by  the  arc- 
plasma-spray  (APS)  process.  The  motivation  behind  this  subtask  was  the 
earlier  achievement  of  outstanding  success  with  near-isotropic  SmCo^ 
magnets  using  this  process  at  CSDL. 

1 .2  Objectives 

The  objectives  of  the  present  program  were  (1)  to  investigate  the 
arc -plasma-spray  process  for  fabricating  high  energy  product  Sm-Co 
magnets,  and  (2)  to  develop  improved  powder  metallurgical  procedures  to 
produce  inertial-grade  SmCo^  magnets  that  would  provide  improvements  in 
the  following  areas: 

(1)  Long-term  flux  stability  at  constant  temperature  (140°F) 

Desired:  0.008  ppm/90-day 

Available  Sintered:  ~1  ppm/day 

Plasma  Sprayed:  0.05  ppm/day 

(2)  Thermal  stability  of  residual  induction 

Desired:  0.1  ppm/°F 

Available  300  ppm/°F 

(3)  Tailoring  of  thermal  expansion  coefficient 

Desired,  same  as  beryllium:  6.6  pin. /in.  °F 

Availab le: 

Isotropic:  4.7  pin. /in.  °F 

Anisotropic : 


(a)  Along  magnetization  direction:  3.1  pin. /in.  °F 

(b)  Normal  to  magnetization  direction:  7.1  pin. /in.  °F 


SECTION  2 


RATIONALE  AND  APPROACH 


Flux  Stability  at  Constant  Temperature 


Of  the  three  objectives  listed  in  the  previous  section,  the  first 
was  the  most  important  and  required  a  careful  analysis  of  theory  and 
available  experimental  data  to  formulate  a  viable  approach. ( 1 ^ *  Based 
on  this  analysis  it  was  concluded  that  improvements  needed  to  be 
effected  in  both  the  intrinsic  coercivity  and  the  general  characteristics 
(with  respect  to  loop  squareness)  of  the  second  quadrant  (of 
the  4irM  vs.  H  curve).  In  order  to  obtain  the  desired  magnetic  behaviors, 
the  structural  requirements  from  the  materials  point  of  view  included 
fabrication  of  highly  densified  (93  percent  of  theoretical  or  better) 
sintered  bodies  comprised  of  very  fine  crystallites  with  the  fewest 
number  of  defects  possible. 

The  anisotropy  magnetic  field  of  the  compound  SniCo^  is  about 

350  kOe.  The  hexagonal  SmCo5  crystal  reaches  its  saturation 

magnetization  (of  about  10  kG)  when  a  magnetic  field  of  roughly  10  kOe 

intensity  is  applied  along  its  easy  magnetization  direction,  which  is 

the  C-axis  of  the  crystal.  In  order  to  reach  saturation  along  the  hard 

basal  plane  direction,  however,  a  field  of  about  350  kOe  is  required  to 

achieve  a  similar  result.  The  physical  implication  of  the  foregoing  is 

that  a  single  domain  SmCo^  particle  [smaller  than  1.6  yn  in  any 
(2) 

direction'  ']  containing  zero  defects  would  theoretically  require  a 
reverse  magnetic  field  of  350  kOe  to  completely  reverse  its 
magnetization.  In  other  words,  the  expected  intrinsic  coercivity  of 
such  a  particle  would  be  350  kOe.  A  magnet  body  composed  of  such 


*  Superscript  numerals  refer  to  similarly  numbered  items  in  the  List  of 
References. 


densely  packed  defect-free  particles  would,  therefore,  have  a  residual 
induction  (BR)  of  10  kG,  Hc^  of  350  kOe,  a  (BH)max  of  25  MGOe,  and  an 
absolutely  perfect  rectangular  hysteresis  loop  of  gigantic  proportions. 

The  demagnetization  process  in  sintered  Sm-Co  magnets  does  not 
appear  to  result  from  the  vector  rotation  of  magnetization.  If  it  were 
a  rotational  process,  the  intrinsic  coercivity  would  be  350  kOe  instead 
of  only  15  to  30  kOe  (which  is  generally  found  for  commercial 
magnets).  The  mechanism  of  demagnetization  has  been  shown  to  include 
nucleation  and  growth  of  reverse  domains  under  the  influence  of  reverse 
(applied)  magnetic  fields.  The  nucleation  of  such  reverse  domains 
occurs  at  defect  sites  in  the  crystallite.  Once  the  nucleated  domain 
reaches  a  critical  size,  it  sweeps  easily  across  the  entire  grain  with 
little  or  no  required  increase  in  the  intensity  of  the  applied  reverse 
field.  The  magnitude  of  the  reverse  field  required  for  complete 
reversal  of  magnetization  can  vary  from  very  small  (self -demagnetizing 
field)  to  very  high  (many  decades  of  kOe  field)  intensity.  A  magnet 
body  comprised  of  millions  of  crystallites  would  therefore  demagnetize 
over  a  wide  range  of  applied  field.  The  larger  the  number  of  defects  in 
a  crystal,  the  more  likely  it  is  to  reverse  at  a  lower  field.  A  magnet 
that  has  a  lower  coercivity  than  another  must  therefore  have  more 
defects  per  crystal.  Magnets  with  larger  grain  sizes  are  expected  to 
have  more  defects  per  crystal  and  therefore  should,  and  do,  have  lower 
coercivi ty. 

Earlier  work^3'4^  had  reported  that  coercivity  is  related  to  the 
long-term  flux  stability  of  a  magnet.  And  from  the  reasons  given  above, 
coercivity  is  seen  to  be  directly  related  to  the  number  of  defects  per 
crystal.  With  a  given  number  of  defects  per  unit  volume  of  a  magnet  it 
therefore  appears  desirable  to  have  the  grain  size  as  small  as  possible 
to  obtain  fewer  defects  per  crystal.  Thus,  one  of  the  two  structural 
requirements  for  obtaining  a  more  stable  magnet  is  that  the  grain  size 
in  the  magnet  must  be  as  small  as  possible. 
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The  discussion,  so  far,  has  dealt  with  the  reversal  of 
magnetization  initiated  at  defects  present  in  the  magnets.  There  are  a 
number  of  such  defects,  but  the  ones  that  are  known  to  be  the  most 
significant  contributors  are  related  to  the  presence  of  foreign  atoms  in 
the  alloy.  Two  important  sources  of  contamination  by  foreign  atoms  are 
(1)  reaction  with  crucibles  (used  for  melting  the  alloys),  and  (2) 
contamination  by  oxygen  in  the  air  (which  invariably  comes  in  contact 
with  the  alloy  and  its  powder  during  processing).  Since  the  alloy  must 
be  prepared  by  melting  samarium  and  cobalt  together,  some  contamination 
inevitably  results  from  the  crucible  walls.  This  can  be  minimized  by 
proper  melting  procedures.  The  amount  of  oxygen  pickup  during 
processing  can  also  be  controlled  to  a  certain  extent,  but  it  is  nearly 
impossible  to  completely  eliminate  it.  (Commercial  sintered  magnets 
contain  between  one  and  two  weight-percent  oxygen.) 

Research  recently  conducted  with  arc-plasma-sprayed  magnets  at 
CSDL  provided  strong  evidence  of  the  damaging  influence  of  oxygen  on  the 
coercivity  and  the  coercivity-retaining  ability  of  Sm-Co  magnets.  The 
oxygen  content  in  these  arc -plasma-sprayed  magnets  was  less  by  an  order 
of  magnitude  than  that  found  in  commercial  sintered  magnets.  Sprayed 
magnets  also  demonstrated  almost  twice  the  coercivity.^  These  magnets 
were  greatly  resistant  to  degradation  in  Hci  from  the  same  thermal 
processing  that  is  known  to  be  severely  detrimental  to  commercial 
sintered  magnets.  This  increased  coercivity-retaining  ability  was 
believed  to  be  directly  related  to  the  lesser  amount  of  oxygen  in  the 
material. Dissolution  and  reprecipitation  processes  involving  oxygen 
are  known  to  result  in  localized  composition  inhomogeneities  which  are 
composed  of  low  anisotropy  (and  therefore  low  coercivity)  material. ) 

An  insight  into  the  effect  of  oxygen  on  coercivity  of  SmCo^ 
magnets  was  provided  by  the  work  of  Bartlett  and  Jorgensen. ^ 7  *  This 
work  dealt  with  an  analysis  of  micros true tural  changes  in  SmCo^  magnets 
arising  from  the  incorporation  of  oxygen  during  processing  of  these 
materials.  The  excess  solubility  of  oxygen  in  SmCo5  at  1100°C  (which  is 


close  to  the  sintering  temperature)  over  that  at  800°C  was  shown  to  be 
0.35  to  0.4  percent  by  weight.  As  a  result,  when  the  oxygen- 
contaminated  magnet  is  cooled  from  the  sintering  temperature,  submicron¬ 
sized  particles  of  Sn^Oj  precipitate  within  the  SmCo^  grain  and  this  is 
accompanied  by  a  depletion  of  samarium  in  the  surrounding  regions.  The 
depleted  regions  form  Sm2Co17  particles  which  are  of  much  lower 
anisotropy  than  SmCo^.  in  light  of  these  investigations,  the  variation 
in  coercivity  observed  by  many  workers^8-^)  can  be  explained  as 
resulting  directly  from  the  oxygen  dissolution  and  precipitation 
processes  in  SmCog*  The  second  important  structural  requirement, 
therefore,  consisted  of  achieving  a  reduction  of  defects  in  the  SmCo,. 
crystallites  by  minimizing  the  amount  of  oxygen  that  was  incorporated. 

A  third  obvious  requirement  for  stable  performance  at  constant 
temperature  was  the  fabrication  of  a  sufficiently  densified  body  whose 
internal  porosity  was  isolated  from  the  surface.  This  did  not 
constitute  a  major  concern  since  practically  all  sintered  Sm-Co  magnets 
meet  this  density  requirement.  Normal  sintering  at  over  1100°C  produces 
magnets  with  density  values  which  are  93  to  95  percent  of  the 
theoretical  maximum. 


2.2  Constant  Flux  at  Varying  Temperatures  within  Small  Range 

Loss  of  residual  induction  of  a  magnet,  resulting  from  exposure 
to  an  elevated  temperature  below  its  Curie  temperature,  is  composed  of 
two  parts:  reversible  and  irreversible.  On  cooling  down  to  room 
temperature,  the  reversible  loss  is  restored,  but  the  irreversible  loss 
can  be  regained  only  by  remagnetization,  provided  there  has  been  no 
structural  change  caused  by  the  thermal  cycling.  With  no  such 
structural  change,  the  magnet,  (after  the  first  thermal  exposure  when 
irreversible  losses  will  occur)  will  retrace  the  same  induction  versus 
temperature  curve  on  repeated  cycling  between  room  temperature  and  the 
particular  higher  temperature  to  which  it  was  exposed. 


Studies  done  elsewhere ^ ® ' 1 ^ ^  have  shown  the  viability  of  such  an 
approach  using  the  two  HRE  elements  gadolinium  and  holmium  in 
conjunction  with  samarium.  Approximately  20  percent  holmium  and 
40  percent  gadolinium  were  found  to  be  required  to  achieve  a  near-zero 
temperature  coefficient  value.  The  slopes  of  TbCo^  and  ErCo,j  are  much 
higher  than  either  HoCo5  or  GdCo5*  It  will  therefore  require  a  much 
smaller  amount  of  ErCo^  or  TbCo^  to  achieve  a  similar  low  (zero)  value 
of  the  temperature  coefficient.  The  effect  of  all  such  substitutions, 
however,  is  a  reduction  in  the  achieved  value  of  the  energy  product.  It 
should  be  noted  that  almost  50  percent  of  the  energy  product  is  lost 
when  perfect  temperature  compensation  is  achieved  through  the  addition 
of  GdCo^.  In  the  case  of  HoCo5  the  loss  in  energy  product  would  not  be 
expected  to  exceed  about  10  to  15  percent. 

2.3  Tailoring  of  Expansion  Coefficient 

The  thermal  expansion  coefficient  of  beryllium  is  midway  between 
isotropic  SmCo^  magnets  and  the  basal  plane  of  the  oriented  magnet  (see 
Section  1).  The  expected  achievement  of  a  perfect  match,  therefore, 
required  a  reduction  in  the  degree  of  orientation.  The  effect  of  TbCoj 
and  ErCo^  addition  on  thermal  expansion  characteristics,  however,  needed 
determination  (in  the  temperature  compensated  compositions)  prior  to 
adjusting  the  orientation.  Unfortunately,  the  adjustment  of  thermal 
expansion  was  also  expected  to  lead  to  a  reduction  in  the  energy 
product.  This  loss  would  be  in  addition  to  the  loss  in  the  energy 
product  which  is  associated  with  the  internal  temperature  compensation 
discussed  above. 

2.4  Arc  Plasma  Spray  Deposition  of  Sm-Co  Magnets 

Initial  experiments  at  CSDL  showed  that  sprayed  SmCo5  magnets  had 
a  remarkably  lower  rate  of  flux  decay  than  did  the  commercial  sintered 
SmCOg  magnets.  This  was  primarily  the  result  of  the  very  high 

quality  of  material  that  had  been  produced  in  this  program.  Sprayed 
SmCog  magnets,  however,  were  isotropic,  and  therefore  the  energy 
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product  of  these  magnets  was  close  to  half  of  what  is  typically  obtained 
in  the  aligned,  commercially  fabricated  material*  To  obtain  a  higher 
amount  of  flux  from  these  magnets,  one  needed  to  either  introduce 
texture  in  the  deposits  or  to  shift  the  material  composition  towards 
higher  cobalt  content  (by  spraying  Sm2co17-type  deposits). 

An  isotropic  Sm2Co17  magnet  was  expected  to  show  an  energy 
product  of  about  10  to  12  MGOe  as  opposed  to  7  to  9  MGOe  measured  in 
isotropic  SmCo5  material  and  16  to  18  MGOe  found  for  aligned  commercial 

SmCo^  magnets*  An  aligned  Sm2Co17  magnet  would  obviously  show  much 
higher  values*  Efforts  employing  sintering  of  aligned,  binary 

composition  Sn^co^  magnets  were  unsuccessful  in  fabricating  nagnets 
with  acceptable  levels  of  the  Intrinsic  ooercivity  (Hc^)«  The  maximum 
value  of  Hc^  measured  on  binary  Sn^Co^  sintered  material  was  about  1  to 
2  kOe  as  opposed  to  a  theoretical  maximum  possibility  of  about 
100  kOe. In  contrast,  CSDL's  sprayed  SaCo5  magnets  had  exhibited 
coercivities  of  68  kOe*  * 5  * 

SnCo5  magnets  produced  by  spraying  had  demonstrated  that  these 
magnets  oould  also  be  cooled  slowly  from  high  temperatures,  unlike 
sintered  magnets  that  needed  to  be  cooled  rapidly  after  exposure  to  high 
temperature  to  avoid  severe  degradation  in  Hc^  and  seoond  quadrant 
demagnetization  behavior* This  degradation  was  recently  shown  to 
result  from  increased  second  phase  precipitation  with  decreasing 
temperatures  because  of  existing  diemioal  inhomogeneities*  ^20  *  Slow 
cooling  leads  to  a  decreased  amount  of  strain  in  the  material  and 
therefore  a  lower  inciden  ■<=•  -i  -rack  formation* * 20 ,2 1 ) 

The  oxygen  content  o.  s’  i  material  is,  typically,  less  than 
0*2  weight  percent  mainly  becaua  ■  spraying  is  conducted  in  an  inert 
environment  chamber  and  the  starting  powder  (20  to  60  microns)  is  much 
larger  than  that  used  for  sintering  (which  is  less  than  10  microns).  An 
added  advantage  of  this  process  is  that  while  the  starting  size  of  the 
powder  particle  is  large,  the  average  grain  size  in  the  deposit  is  very 
saull*  Both  amorphous  and  crystalline  S1SC05  material  have  been  produced 


using  this  technique. ^ 22,23 ^  Because  of  the  fine  grain  size  that  is 
obtained,  homogenization  of  the  deposit  occurs  quite  readily  and  very 
large  values  of  Hci  could  be  obtained  by  heating  the  deposited  material 
to  temperatures  of  850°C  to  1000°C.  These  temperatures  were 
substantially  lower  than  those  required  for  sintering  this 
material.  ^24'2^  This  permitted  the  retention  of  very  fine  grain  sizes 
in  thermally  treated  sprayed  magnets,  on  the  order  of  about  2  to 
5  microns  (compared  to  20  to  30  microns  in  sintered  material).'  All 
of  these  factors  were  believed  to  have  contributed  to  the  high  Hc^ 
values  that  were  obtained  in  sprayed  SmCog  material. 

The  foregoing  suggested  that  it  might  be  possible  to  obtain 
reasonably  large  Hci  values  in  magnets  sprayed  with  Sm2Co1^-type 
compositions.  Hci  values  obtained  in  sprayed  SmCo^  material  were  about 
20  percent  of  the  anisotropy  field.  If  a  similar  achievement  could  be 
attained  in  sprayed  Sm2Co17  material,  coercivities  of  about  15  to  20  kOe 
were  expected  to  result  from  such  an  effort  (which  would  have  been 
larger  than  those  obtained  so  far  in  sintered  material  by  a  factor  of 
about  7  to  10).  Such  an  improvement  was  desirable  because  it  could 
result  in  fabrication  of  sprayed  magnets  with  energy  products  of  about 
10  to  12  mGOe  and  magnets  of  this  type  were  expected  to  find  several 
applications.  Also,  if  additional  subsequent  efforts  aimed  at 
developing  texture  in  the  SmCo^  and  Sm2Co17  materials  proved  successful, 
extremely  desirable  magnets  with  high  magnetic  properties  would  be 
attained. 


SECTION  3 


RESULTS  AND  DISCUSSIONS 


3.1  Work  Previously  Reported 

Five  interim  annual  reports  * 25-29 )  were  submitted,  which 
described  the  progress  in  this  area  for  a  period  of  five  years,  from 
October  1977  to  September  1982.  The  highlights  of  the  work  performed 
are  summarized  below. 

3.1 .1  SmCo^  Magnet  Studies  by  Sintering  and  Hot  Isostatic  Pressing 


3.1  .1  .1  Introduction 


The  most  challenging  of  the  three  objectives,  listed  in  a 
previous  section,  was  the  achievement  of  a  near-zero  flux  decay  rate; 
the  decay  rate  of  the  average  commercial  SmCo,.  magnet  was  found  to  be 
about  2000  ppm/decade  of  days.  Since  the  coercivity  of  SmCo^  magnets  is 
much  higher  than  that  observed  for  other  permanent  magnets,  the 
unusually  high  decay  rates  shown  by  these  magnets  were  difficult  to 
explain.  In  contrast,  the  scientific  basis  for  the  other  two  objectives 
appeared  reasonably  c lear, ^ 1 6' 30 ^  and  thus  more  easily  attainable. 

Early  efforts  were  therefore  directed  towards  attaining  lower  decay 
rates  and  at  the  same  time  gaining  an  understanding  of  the  mechanisms 
responsible  for  the  unusually  high  decay  rates  shown  by  SmCo5  magnets 
(produced  by  conventional  powder  metallurgy  processes). 

3. 1.1. 2  Flux  Decay  Studies 

Since  the  decay  of  magnetic  induction  is  a  demagnetization 
process,  higher  stability  was  expected  to  demand  a  greater  resistance  to 
such  a  process.  In  turn,  this  meant  that  both  H  ^  (the  intrinsic 
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coercivity)  and  Hk  (the  reverse  field  at  90  percent  4*^)  had  to  be 
improved  substantially  over  the  state-of-the-art  magnets  which  had  Hc^ 
in  the  range  of  20  to  30  kOe  and  Hk  of  about  5  to  10  kOe;  this  was 
despite  the  fact  that  these  values  were  already  an  order  of  magnitude 
higher  than  those  of  the  other  permanent  magnets  known  at  the  time. 

In  order  to  achieve  this  difficult  goal,  the  SmCo^  magnet 
fabrication  technique  had  to  be  improved  to  produce  contamination- free 
magnets,  (particularly  with  respect  to  oxygen),  with  fine  grain  size. 

The  standard  sinter  technology  was  improved  upon  significantly,  and  this 
resulted  in  magnets  with  outstanding  values  of  coercivity:  Hc^  of 
approximately  50  kOe  and  Hk  of  33.5  kOe.  This  led  to  an  observed 
improvement  in  the  flux  decay  rate  and  the  value  of  280  ppm/decade 
was  measured.  In  a  parallel  study,  the  hot  isostatic  pressing  (HIP) 
technique  was  developed  for  producing  SmCo^  magnets.  These  efforts 
resulted  in  more  structurally  sound  magnets  with  magnetic  properties 
comparable  to  the  sintered  variety.  The  oxygen  content  of  the  HIP 
magnets  was  about  one-half  of  what  was  found  for  sintered  magnets. 
Initial  HIPed  SmCo5  magnets  showed  an  improved  low  flux  decay  rate  of 
160  ppm/decade.  More  recent  studies  of  flux  decay  rates,  however, 
showed  that  the  amount  of  the  second  phase,  Sit^Co^,  present  in  the 
magnet,  played  a  much  more  significant  role  than  did  the  values  of  HC£ 
and  Hk.  Larger  amounts  of  this  second  phase  produced  a  higher  rate  of 
decay.  Preliminary  measurements  of  flux  decay  rates  of  high  coercivity 
and  high  energy  product  HIPed  SmCoj  magnets  showed  that  the  decay  rate 
increased  from  a  low  of  43  ppm/decade  to  a  high  of  1070  ppm/decade  when 
the  nominal  samarium  content  was  increased  by  one  weight  percent. 

In  this  program,  over  the  past  several  years,  a  number  of  SmCo^ 
magnets,  produced  by  both  sinter  and  HIP  processing,  were  tested  for 
flux  stability.  The  compositions  of  these  magnets  varied  between  35.0 
and  37.0  weight  percent  samarium.  These  were  all  aged  at  900°C  for 
several  hours,  following  the  initial  high  temperature  (up  to  1100°C+) 
homogenizing  treatments.  The  homogenized  magnets  were  subjected  to 


either  quick  cooling  or  slow  furnace  cooling  procedures  following  the 
900°C  exposure.  Examination  of  the  accumulated  data  provided  insight 
into  the  nature  of  the  flux  decay  process  in  SmCo^  magnets.  The  decay 
rates  increased  with  increasing  samarium  content.  Magnets  of  identical 
nominal  composition  showed  as  much  as  three  to  five  times  higher  decay 
rates  when  they  were  quick  cooled  after  the  aging  treatment,  compared  to 
the  slow  cooled  magnets.  The  densif ication  process  (of  either  sintering 
or  HIP)  appeared  to  have  little  effect  on  the  decay  rates,  and,  contrary 
to  popular  expectation,  the  decay  rates  were  not  dependent  on  the  values 
of  either  Hc^  or  H^.  These  findings,  summarized  below,  were  presented 
at  the  1983  Intermag  conference. ^ 31 ^  (Figure  2  gives  a  graphical 
depiction  of  flux  decay  rate  as  a  function  of  composition  and  the  rate 
of  cooling  from  the  aging  temperature.) 

(1)  In  contrast  to  earlier  reported  work,  the  value  of  was 
found  to  have  little  bearing  on  the  flux  decay  rate. 

(2)  At  least  two  mechanisms  appeared  to  be  responsible  for  the 
observed  flux  decay  rates: 

(a)  The  presence  and  respective  amounts  of  the  Sn^Co.^ 

phase.  The  larger  the  amount,  the  higher  was  the  decay 


(b)  Lowering  of  dissolved  oxygen  (and  perhaps  internal 

stress  to  a  lesser  extent)  by  slow  cooling  from  aging 
temperature  was  found  to  lower  the  decay  rate. 

(3)  To  maximize  stability  of  magnet  flux  the  material  should  be 
composed  of  near-stoichiometric  SmCo^  with  low  oxygen  and 
possibly  a  low  internal  stress. 
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Figure  2 


Sm  %  IN  SmCo5  MAGNET 


Flux  decay  rates  of  SmCo5  magnets  as  a  function  of  Sm 
content  and  thermal  treatment. 


3.1  .1.3  Temperature  Compensated  and  Thermally  Compatible  Magnets 

Experimental  work  was  also  initiated  on  the  development  of  temperature 
compensated  magnets  and  the  establishment  of  a  correlation  between  thermal 
expansion  measurements  and  energy  product  in  SmCo^  magnets. 

Sinter  experiments  were  performed  to  determine  the  compositions 
necessary  to  obtain  zero  temperature  coefficients  using  ErCo^  and  TbCo^ 
by  replacing  part  of  SmCo^  with  these  materials.  Larger  percentages  of 
these  compounds  were  found  to  be  necessary  to  obtain  the  zero  temperature 
coefficient  value  than  were  expected  on  the  basis  of  published  data.  As 
a  result,  the  Bj^  values  were  appreciably  lower  than  previously  estimated. 
There  was  also  some  loss  of  Bj^  because  of  poor  alignment  that  resulted 
from  use  of  the  die  pressing  and  sintering  fabrication  procedure.  The 
situation  was  somewhat  alleviated  by  pursuing  HIP  processing  instead  of 
the  conventional  sinter  technique.  Initial  HIPed  magnets  gave  BR  values 
which  were  higher  than  those  observed  for  the  die-pressed/sintered 
magnets,  but  these  lacked  the  necessary  coercivity.  However,  based  on 
the  higher  Bj^  values,  the  potential  of  higher  energy  product  was  seen  if 
the  coercivity  could  be  improved  by  increasing  the  overall  rare  earth  to 
cobalt  ratio.  Additional  experiments  performed  with  the  Er-Sm-Co  and 
Tb-Sm-Co  ternary  compositions  for  purposes  of  producing  temperature 
compensated  magnets  resulted  in  maximum  values  of  (BH)max  of  11.6  MGOe 
and  9.0  MGOe  respectively  for  these  two  alloy  systems.  Although  these 
values  were  substantial  improvements  over  what  was  previously 
accomplished,  these  were  still  lower  than  what  was  believed  achievable. 

The  highest  energy  product  SmCo^  magnets  prepared  by  HIP 
(21  MGOe)  and  sintering  (18  MGOe)  at  CSDL  were  found  to  have  two  percent 
higher  and  two  percent  lower  thermal  expansion  coefficients, 
respectively,  than  that  of  beryllium.  An  SmCo^  magnet  with  an  energy 
product  of  between  19  and  20  MGOe  was,  therefore,  expected  to  give  a 
very  satisfactory  match  with  beryllium  for  thermal  expansion 
compatibility.  This  effort,  as  a  result,  appeared  not  to  require  much 
further  investigation. 


3.1  .1.4  Radially  oriented  Full-Circle  Ring  Magnets 


Radially  oriented,  full-circle  SmCo^  ring  magnets  have  been 
impossible  to  produce  by  sinter  technology,  although  many  applications 
require  such  magnets.  Using  the  HIP  technique  developed  for  SnCo^ 
magnets  at  CSDL,  ring  magnets  with  radial  orientation  and  high  magnetic 
properties  were  produced  within  a  well  controlled  geometry.  These  were 
expected  to  play  an  important  role  in  the  magnetic  circuitry  of  torque 
generators  in  inertial  instruments.  Magnets  of  specified  geometries 
were  fabricated  and  found  extremely  useful  in  applications  that  included 
a  low-cost  gyroscope  and  a  travelling  wave  tube.  Superior  performance 
was  realized  in  both  instances  by  using  this  product. 

3.1.2  Sm-Co  Magnets  by  Arc  Plasma  Spraying 

3.1  .2.1  Introduc  tion 

As  discussed  earlier,  the  motivation  behind  this  effort  was  the 
considerable  success  achieved  earlier  with  the  SrnCo^  composition  where 
the  largest  ever-to-be-measured  room  temperature  coercivity  value  of 
67.5  kOe  was  attained. ^  The  energy  product  of  the  early  sprayed  SmCo^ 
magnets,  however,  was  limited  to  about  9  MGOe,  mainly  because  these 
magnets  were  c lose-to-isotropic  in  structure.  To  obtain  a  higher  level 
of  flux  from  the  sprayed  magnets,  one  therefore  needed  to  either 
introduce  texture  in  the  deposits  or  shift  the  material  composition 
toward  higher  cobalt  content  (by  the  spraying  of  Sm2Co17-type  deposits). 

The  approach  that  was  initially  taken  was  to  attempt  to  produce 
Sm2Co17-type  magnets  with  reasonably  high  coercivities.  It  was  hoped 
that  this  would  permit  the  fabrication  of  c lose-to-isotropic  sprayed 
magnets  with  energy  products  of  roughly  12  MGOe  in  a  manner  similar  to 
the  9  MGOe  value  that  was  achieved  with  the  SmCo^  composition. 
Experiments  performed  toward  this  end  showed  that  even  though  somewhat 
higher  coercivities  (higher  than  what  are  observed  for  sintered 
materials)  were  achievable  in  the  sprayed  samples,  the  improvements  were 


not  significant  and  that  the  second  quadrant  characteristics  remained 
poor. The  highest  value  for  the  maximum  energy  product  that  was 
measured  in  these  sprayed  SmjCo^-type  compositions  was  6.6  MGOe. 
Therefore,  it  appeared  that  to  attain  energy  products  well  in  excess  of 
the  7  to  9  MGOe  that  were  achieved  earlier  for  SmCo^  compositions,  it 
was  important  to  produce  crystallographically  aligned  deposits  (of  the 
SmCo^  or  the  SmjCo^ 7-type  stoichiometries)  with  the  unique  C-axis,  which 
is  also  the  easy  axis  of  magnetization,  preferably  oriented  in  a 
direction  perpendicular  to  the  plane  of  deposition.  Substantial  efforts 
were,  therefore,  subsequently  expended  at  attempting  to  produce  aligned 
deposits  using  a  variety  of  techniques  with  preliminary  encouraging 
results. 

3.1  .2.2  Deposition  Studies 

Five  starting  powder  compositions,  in  the  range  of  26.0  to  34.0 
weight  percent  samarium,  were  selected  and  sprayed  on  water  cooled 
copper  substrates  inside  an  inert  gas  environment  plasma  spray  chamber. 
It  was  expected  that  the  compositions  of  the  deposited  materials  would 
be  close  to  Sn^Co^  with  deposit  compositions  on  either  side  of 
stoichiometry.  X-ray  diffraction  patterns  were  obtained  on  several  of 
the  deposits  with  copper  radiation  and  a  diffracted  beam  graphite 
monochromator.  Considerable  broadening  of  the  x-ray  peaks  was  observed 
for  all  of  the  deposits.  The  diffuse  patterns  obtained  on  these 
materials  were  believed  to  be  indicative  of  amorphous  structures  similar 
to  what  are  conventionally  obtained  by  rapid  quenching  techniques. 


Several  low  temperature  treatments  were  employed  for  optimizing 
the  magnetic  properites  of  the  deposited  materials.  The  maximum  value 
of  coercivity  was  measured  as  7.9  kOe  on  a  sample  produced  using  the 
starting  powder  composition  of  34.0  weight  percent  samarium.  The  other 
magnetic  properties  measured  for  this  sample  were  =  6500  G,  Hc  = 

4050  Oe,  and  (BH)Max  =  6,6  MGOe.  These  studies  showed  that  grain  size 
played  a  strong  role  in  determining  the  value  of  Hc^  in  these  binary 
Sn^COj .,-type  compositions.  The  improvements  in  the  magnetic  properties 


from  the  low  temperature  treatments  were  attributed  to  increased 
homogenization  and  grain  growth  through  crystallization  related 
processes* 

A  few  minor  crystalline  x-ray  peaks  were  observed  superimposed  on 
an  otherwise  amorphous  pattern  in  several  of  the  deposits*  In  one 
sample,  however,  a  single,  sharp,  crystalline  peak  was  found 
superimposed  on  an  otherwise  amorphous -type  pattern*  A  single  peak  was 
interpreted  as  illustrative  of  texture  in  the  crystalline  oomponent  of 
the  deposit*  The  composition  of  the  deposit,  as  measured  by  the  x-ray 
fluorescence  technique,  was  indicated  to  be  about  30.0  weight  percent 

samarium  (which  is  in  the  two-phase  SmCos  -  Sm2Coi7  region  of  the  phase 
diagram)*  The  sole  crystalline  peak  observed  was  found  to  be  located  at 

the  (00.6)  peak  position  for  Sm2Co17  -  the  compound  of  interest.  This 
observation  suggested  that  if  proper  cooling  conditions  were  maintained 
at  the  substrate  it  might  be  possible  to  produoe  crystallographioally 
aligned  Sm2co17  materials  by  plasma  spraying.  Additional  deposits 
formed  with  the  aim  of  duplicating  this  observation  were  not  successful* 

Most  of  the  deposits  formed  subsequent  to  the  above  efforts 
appeared  to  be  more  crystalline  than  the  previous  deposits*  Additional 
cooling  of  the  the  substrate  through  the  use  of  liquid-nitrogen-chilled 
helium  gas  also  did  not  appreciably  alter  this  situation*  The  x-ray 
peaks  were  still  very  broad,  indicating  that  the  grain  size  was 
extremely  small*  These  deposits  were  fabricated  with  starting  powder 
compositions  of  42*0,  34*5,  and  28*3  weight  percent  samarium  resulting 
in  deposit  compositions  corresponding  closely  to  the  S10C05*  two-phase 
SmCOjj  +  Sm2Co^7,  and  Sm2Co^7  stoichiometries*  Samples  from  all  of  these 
deposits  were  subjected  to  low  temperature  exposures  to  hydrogen  gas* 

It  was  determined  that  the  hydriding  process  resulted  in  a  removal  of 
the  low  level  of  crystallinity  that  existed  in  the  as-sprayed  condition* 
It  was  therefore  decided  to  use  the  hydrogen-treated  as  well  as  the  as- 
sprayed  material  for  studies  relating  to  inducing  crystal  orientation  in 
the  deposit* 


3. 1.2. 3  Alignment  Studies 


Some  initial  experiments  towards  achieving  alignment  were 
performed  with  as- sprayed  and  hydrogen- treated  samples  by  exposing  them 
to  a  large  (80  kOe)  dc  magnetic  field  at  MIT's  Francis  Bitter  National 
Magnet  Laboratory,  The  magnetic  field  was  applied  during  the  process  of 
crystallization  and  grain  growth  which  occurs  at  temperatures  of  about 
500°C  in  these  compositions.  These  experiments  indicated  that  whereas  a 
marginal  improvement  had  probably  occurred  in  the  sample  produced  from 
the  42.0  weight  percent  samarium  alloy  powder,  the  other  two  samples 
suffered  deterioration  in  properties.  It  was  concluded  that  additional 
experiments  needed  to  be  performed  before  firm  conclusions  could  be 
reached  with  respect  to  the  effect  of  applied  magnetic  fields  on 
influencing  alignment  in  the  crystallized  deposit. 

Most  of  the  subsequent  work  with  plasma-sprayed  Sm-Co  alloys  also 
concentrated  on  producing  material  with  crystal  anisotropy.  A 
transmission  electron  microscopic  (TEM)  examination  of  the  sample  that 
had  shown  a  single  sharp  crystalline  x-ray  peak  located  at  the  expected 
peak  position  for  the  (00.6)  reflection  from  Sm2Co17  showed  the  presence 
of  large  (unmelted  )  1-  to  10-ym  particles,  fine  50A  grains,  and 
amorphous  regions.  It  was  concluded  that  the  statistical  sampling 
required  for  identifying  the  crystallites,  responsible  for  the  (00.6) 
x-ray  peak,  would  require  extensive  effort.  With  respect  to  producing 
textured  plasma  sprayed  alloys,  the  additional  techniques  examined 
included  annealing  the  near-amorphous  (fine  grained  and  hydrogen 
treated)  materials  in  the  presence  of  large  applied  static  magnetic 
fields  and  thermal  gradients,  and  alloy  deposition  on  substrates 
maintained  at  elevated  temperatures.  Experiments  showed  that  magnetic 
field  annealing  did  not  induce  texture  in  the  material.  Efforts  on 
temperature  gradient  annealing  also  did  not  yield  encouraging  results. 
Depositions  of  SmCo^  compositions  at  elevated  temperatures,  however, 
provided  for  deposits  that  were  highly  textured  with  the  C-axis  oriented 
perpendicular  to  the  plane  of  deposition  as  indicated  by  x-ray 
diffraction  patterns  obtained  on  these  materials.  This  was  considered  a 


major  breakthrough  in  the  fabrication  technology  of  these  materials. 
Plasma  spraying  is  a  lower  cost  process  and  because  of  its  near-net 
shape  and  size  capability  is  expected  to  find  many  applications. 

Further  efforts  were  expected  to  concentrate  on  optimizing  the 
composition  and  heat  treatments  of  the  textured  deposits  for  producing 
high  quality  SmCo^  magnets. 

3.2  Additional  Work 

3.2.1  SmCo^  Magnets  by  Hot  Isostatic  Pressing 

3.2. 1.1  Flux  Stability 

As  Figure  2  clearly  indicated,  a  strong  trend  toward  higher 
stability  magnets  was  observed  with  the  lowering  of  the  nominal  samarium 
content  in  the  magnet.  Since  the  stoichiometric  SmCo^  composition 
corresponds  to  approximately  34  weight  percent  samarium,  the  observed 
effect  suggested  that  magnets  with  truly  single  phase  1-5  composition 
would  be  substantially  superior  (by  a  few  orders  of  magnitude)  to 
production  Sm-Co  magnets.  (Production  magnets  exhibit  flux  decay  rates 
of  1000  to  2000  ppm/decade  time.)  Conventional  sintering  requires  the 
use  of  nominal  concentrations  well  in  excess  of  the  34  weight  percent 
samarium  stoichiometry  for  densif ication  of  the  compact  at  sinter 
temperatures.  The  excess  samarium  is  needed  both  for  offsetting  the 
samarium  losses  associated  with  oxygen  pick-up  during  powder  comminution 
in  air  and  for  providing  the  necessary  liquid  phase  required  for 
sintering  to  take  place.  It  is,  therefore,  not  possible  to  produce 
SmCo^  magnets  with  compositions  very  close  to  stoichiometry  using 
conventional  sintering. 

Hot  isostatic  pressing  (HIP)  was  earlier  demonstrated  to  be 
capable  of  providing  the  means  for  producing  fully  dense  SmCo^  magnets 
with  starting  compositions  even  lower  than  35  weight  percent  samarium. 

As  with  previous  experiments,  additional  nominal  starting  composition 
blends  were  made  (with  starting  alloys  of  34.5  and  41.8  weight  percent 


samarium)  to  yield  compositions  of  34.75,  35,  and  35.25  weight  percent 
samarium.  Compacts  were  formed  by  cold  isostatic  pressing  of  aligned 
powders.  The  aligned  compacts  were  hot  isostatically  pressed  in  a 
manner  similar  to  that  described  in  previous  reports.  The  magnets  were 
homogenized  at  elevated  temperature  and  this  was  followed  by  an 
additional  thermal  optimization  treatment  at  900°C.  The  heat  treated 
magnets  were  cooled  from  the  900°C  temperature  using  both  slow  (furnace) 
as  well  as  quick  cooling  procedures. 

Table  1  provides  the  measured  magnetic  properties  for  these 
samples.  Typical  as-HIPed  microstructures  observed  for  these  materials 
are  shown  in  Figure  3.  The  maximum  value  of  the  remanence  measured  for 
this  series  of  samples  was  8.7  kG.  In  the  majority  of  samples,  the 
measured  value  of  the  coercivity  was  very  poor.  This  result  was 
directly  correlatable  to  the  high  amount  of  the  samarium-poor,  Sm^Co17 
phase  (that  was  observed  as  lightly  etched  areas)  present  in  the 
microstructures.  This  Sn^Co.^  phase  was  made  more  visible  and  found  to 
be  dispersed  in  the  form  of  particles  after  high  temperature  treatment 
of  these  materials  (see  Figure  4).  Analysis  performed  on  the  comminuted 
powders  revealed  an  oxygen  content  of  0.36  weight  percent  in  the  35.25 
weight  percent  samarium  material  and  a  considerably  higher  content  in 
the  other  two  blends  (0.44  and  0.55).  Hie  effects  of  the  samarium  loss 
on  coercivity  and  second  quadrant  demagnetization  characteritics  were 
quite  deleterious  (as  was  also  suggested  by  the  microstructural 
observations).  Further  plans  to  perform  stability  experiments  were, 
therefore,  abandoned. 

It  is  clear  that  in  order  to  achieve  additional  significant 
improvements  in  stability,  attempts  need  to  be  made  at  producing  near 
stoichiometric  SmCo^  magnets.  This  can  be  achieved  by  combining  the 
advantages  associated  with  the  HIP  technique  with  low  oxygen  processing 
of  high  purity  starting  alloy  materials.  Low  oxygen  processing  of  Sm-Co 
magnets  has  been  demonstrated  as  feasible  and  has  been  pursued  at  CSDL 
under  another  program. 
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%Sm  Treatment  BR(kG)  Hci(kOe)  Hc(kOe)  Hk(kOe)  (BH^xCMGOe) 
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1:  1075°C  for  76  hrs,  900°C  for  21  hrs,  then  quick  cooled 

1075®C  for  76  hrs,  900°C  for  21  hrs,  then  furnace  cooled 

1050°C  for  76  hrs,  900°C  for  21  hrs,  then  quick  cooled 


1075®C  for  90  hrs,  then  quick  cooled 


3*2. 1 .2  Temperature  Compensation 

Efforts  in  this  area  concentrated  on  improving  the  processing  of 
terbium  and  erbium  substituted  SmCo5  magnets.  Temperature-compensated 
magnets  containing  nominal  blends  of  35  and  40  weight  percent  ErCo,.  (55 

and  60  weight  percent  S1BC05  respectively)  and  30  weight  percent  TbCo5 
(70  weight  percent  SinCo^)  were  made  using  HIP.  Previous  attempts  with 
such  magnets  had  shown  poor  alignment  and  this  had  resulted  in  lower 
remanence  and  lower  energy  product  than  was  believed  possible  with  the 
selected  compositions.  The  latest  set  of  samples  produced  were  not 
better  in  this  regard.  The  microstructures  from  these  samples  are  shown 
in  Figure  5.  The  best  properties  obtained  are  listed  in  Table  2. 

Table  2.  Best  magnetic  properties  obtained  from  recent  batch  of 
temperature  compensated  magnets  [best  is  defined  as  the 
highest  (BH)nax]. 


Composition 

X 

P. 

Hc 

«k 

^BHWx 

(kG> 

(kOe) 

(kOe) 

(kOe) 

(MGOe ) 

35  wt  %  erbium 

6.9 

19.5 

6.0 

3.5 

9.9 

40  wt  %  erbium 

6.2 

18.3 

5.0 

3.3 

8.5 

30  wt  *  terbium 

6.5 

19.0 

6.3 

13.0 

9.7 

All  magnets  were  heat  treated  at  1140*C  for  3  hrs,  900°C  for  21  hrs, 
then  quick  cooled. 


Figure  5.  As-HIPed  microstructure  of  temperature  compensated  samples 
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Measurements  of  the  temperature  coefficient  of  the  magnetic  flux 
were  made  using  the  apparatus  described  in  a  previous  report.  These 

data  were  found  lacking  with  respect  to  reproducibility  at  the  high 
level  of  accuracy  (+2  to  5  ppm/°F)  that  was  required  to  adequately 
determine  a  zero  value  for  the  temperature  coefficient  of 
magnetization.  The  temperature  range  over  which  data  was  collected  was 
70  to  1 50°F.  The  best  values  were  obtained  with  the  erbium  substituted 
samples;  the  coefficients  were  on  the  order  of  +40  to  -50  ppm/°F.  The 
data  suggested  that  the  true  zero  value  of  the  temperature  coefficient 
of  magnetization  would  occur  at  somewhat  less  than  35  weight  percent 
substitution  of  SmCo^  with  ErCo^ . 

For  a  more  accurate  determination  of  the  level  of  compensation, 
from  the  device  point  of  view,  the  35  weight  percent  ErCo^  sample  was 
machined  into  12  rectangular  specimens.  These  were  mounted  onto  a  metal 
ring  to  simulate  the  magnet  assembly  in  a  gyro  torquer.  This  assembly 
was  then  mounted  into  a  temperature  controlled  test  fixture  with  a  drive 
motor  which  rotated  the  assembly  at  a  constant  speed  of  500  rpm.  With 
the  assembly  spinning,  an  AC  voltage  (Eo)  was  generated  from  the  torquer 
coil;  Eo  was  proportional  to  the  assembly's  air  gap  flux  density.  The 
value  of  Eo  was  monitored  accurately  as  the  temperature  was  changed  5  to 
1 0°F  from  the  normal  operating  temperature  of  140°F.  In  this  way  the 
temperature  sensitivity  of  the  magnet  assembly  was  determined. 

The  value  of  the  temperature  coefficient  determined  in  this 
manner  was  found  to  be  +5  ppm/°F  over  the  range  of  130  to  150°F.  Only 
one  such  test  was  performed;  however,  the  low  value  of  the  coefficient 
was  encouraging. 

3.2.2  Sm-Co  Magnets  by  Arc  Plasma  Spraying 

Most  of  the  recent  efforts  at  plasma  spraying  Sm-Co  compositions 
were  concentrated  on  producing  aligned  deposits  with  the  aim  of  being 
able  to  fabricate  sprayed  magnets  having  high  energy  products.  As 


producing  aligned  deposits  of  the  SmCo^  composition.  This  was  confirmed 
by  x-ray  diffraction  observations  on  a  few  deposits  fabricated  on  steel 
substrates,  which  were  maintained  at  high  temperatures. 

The  technique  consisted  of  achieving  high  substrate  temperatures 
by  heating  up  the  substrate  with  the  incident  plasma  flame  (before  alloy 
depositions  were  performed).  The  substrates  consisted  of  low  carbon 
steel  bolt-shaped  samples  of  different  length  which  were  mounted  onto  a 
water-cooled  feedthrough  located  inside  the  plasma-spray  chamber.  Heat 
conduction  from  the  surface  was  therefore  directly  influenced  by  the 
length  of  the  substrate  (over  which  the  heat  was  conducted)  and  this 
resulted  in  the  achievement  of  a  variety  of  substrate  temperatures.  The 
temperature  of  the  substrate  was  determined  with  a  thermocouple  attached 
to  it  while  it  was  stationary  and  exposed  to  the  plasma  flame.  Once  the 
equilibrium  temperature  was  measured,  the  thermocouple  was  disconnected 
and  the  substrate  allowed  to  rotate.  It  was  heated  again  for  the 
predetermined  period  of  time  needed  to  allow  equilibration  of  the 
temperature,  and  the  depositions  were  performed  by  introducing  the  alloy 
powder  into  the  plasma  flame.  As  stated  earlier,  these  efforts  resulted 
in  generating  C-axis  alignment  in  the  SmCo^  deposit  compositions. 

Further  efforts  concentrated  on  attempting  similar  alignment  in  Sm2Co17- 
type  deposits,  through  similar  experimentation,  as  well  as  producing 
SmCo^  magnets  with  energy  product  values  higher  than  hitherto  achieved. 

3. 2. 2.1  Depositions  of  Sm2Co17  Compositions 

Several  deposits  were  fabricated  at  substrate  temperatures  in  the 
range  of  550  to  1021 °C.  A  starting  alloy  powder  nominal  composition  of 
28.3  percent  samarium  (the  balance  cobalt)  was  used  for  most  of  these 
deposits.  Selection  of  this  composition  was  based  on  past  experience 
with  the  spraying  of  Sm-Co  alloys  which  had  shown  a  roughly  3  percent 
samarium  loss  to  evaporation  and  oxidation.  Figure  6  shows  the  x-ray 
diffraction  patterns  obtained  on  two  of  these  deposits.  One  was 
deposited  with  a  substrate  temperature  of  about  570°C  and  the  other  with 


a  temperature  of  about  1020°C.  Aside  from  a  reduced  x-ray  line 
broadening  of  the  peaks  and  more  definition  in  the  x-ray  diffraction 
pattern,  the  effect  of  increasing  temperature  appeared  negligible.  The 
domain  pattern  from  the  1020°C  substrate  temperature  sample,  as  observed 
using  the  Kerr  magneto-optic  effect  with  polarized  light,  also  supported 
the  lack  of  a  crystallographic  texture  in  this  sample. 

These  experiments  indicated  that  it  would  be  difficult  to  induce 
alignment  in  the  Sm2Co1 7  deposits  using  this  procedure  (unlike  the 
situation  with  the  SmCo^  compositions,  where  the  effects  were  more 
immediate  and  considerably  more  pronounced).  Given  the  fact  that 
meaningful  levels  of  coercivity  in  the  2-17  compositions  have  only  been 
achieved  after  pursuing  complex  thermal  treatment  procedures  of  2-17 
magnets  containing  additional  elements  such  as  copper,  iron,  zirconium, 
titanium,  and  hafnium,  it  was  decided  to  concentrate  further  efforts  on 
developing  the  properties  of  the  SmCo^  deposits. 

3. 2. 2. 2  Sprayed  SmCo5  Magnets  Development 

Preliminary  work  reported  earlier  had  demonstrated  the 
feasibility  of  achieving  C-axis  alignment  in  deposits  of  this 
composition.  Additional  efforts  were  therefore  directed  at  developing 
high  energy  product  SmCo^  sprayed  permanent  magnets  from  such 
deposits.  The  work  entailed  examining  variations  in  deposit  composition 
and  deposition  conditions  with  the  aim  of  producing  magnets  with 
acceptably  high  values  of  loop  squareness  and  intrinsic  coercivity.  The 
deposited  materials  were  examined  for  microstructure  and  domain  contrast 
before,  and  after,  a  variety  of  thermal  optimization  treatments,  using 
the  techniques  of  (normal  incidence)  light  and  polarized  light 
microscopy.  Magnetic  measurements  were  also  performed  on  several  of  the 
samples. 


X-ray  patterns  shown  as  Figure  28  in  Reference  29  had 
demonstrated  the  strong  influence  of  high  substrate  temperatures  in 
inducing  C-axis  alignment  in  the  deposit  along  the  direction  of 
deposition  (which  is  normal  to  the  plane  of  the  deposit)*  The  deposit 
fabricated  at  the  highest  substrate  temperature  of  1021°C  in  that  series 
of  samples  had  shown  the  best  degree  of  alignment.  Here  too,  however, 
some  contributions  were  picked  up  from  the  (10.1)  reflection  indicating 
something  less  than  perfect  alignment.  This  figure  is  reproduced  in 
this  report  as  Figure  7.  This  situation  was  improved  upon  by  performing 
the  deposition  at  a  still  higher  temperature  of  about  1127°C.  The  x-ray 
diffraction  pattern  obtained  from  such  a  deposit  is  shown  in  Figure  8, 
where  the  only  peak  observed  was  that  from  the  (00.2)  reflection.  This 
indicated  extremely  good  alignment  in  the  deposit. 

Even  though  good  alignment  was  demonstrated  as  both  feasible  and 
achievable  using  these  procedures,  difficulties  arose  in  not  being  able 
to  produce  magnets  with  good  second  quadrant  characteristics, 
principally  as  they  related  to  loop  squareness  and  the  intrinsic 
coercivity.  Regions  that  etched  to  a  lighter  contrast  then  the  matrix 
were  observed  in  several  of  the  as-sprayed  deposits.  These  were 
samarium-depleted  regions,  probably  consisting  of  the  Sm2Co^7  phase. 
Presence  of  lightly  etched  SrajCo^  regions  in  SmCog  magnets  are  known  to 
significantly  impact  upon  the  second  quadrant  characteristics.^®^  Upon 
thermally  treating  the  as-sprayed  materials  at  temperatures  in  the  range 
of  1000  to  1 100°C  (followed  by  an  additional  900°C  exposure)  and 
quenching,  large  regions  where  the  SmjCo^  phase  had  coalesced  were  made 
visible  after  metallographic  polishing  and  etching  of  the  samples.  The 
excess  Sn^Co^  observed  in  deposits  fabricated  at  high  substrate 
temperatures  was  believed  to  have  resulted  from  excessive  samarium 
evaporation,  from  the  Sra-Co  alloy  particles,  during  the  deposition 
process.  The  higher  the  deposition  temperature,  the  bigger  was  the  loss 
in  samarium  and,  therefore,  the  larger  was  the  observed  Sn^co^ 
precipitation.  In  addition  to  the  foregoing,  samples  fabricated  at  the 
highest  substrate  temperatures  also  possessed  very  large  grain  sizes; 
possibly,  as  a  result,  leading  to  an  additional  reduction  in  coercivity 
and  loop  squareness. 


Therefore,  it  was  clear  that  a  happy  medium  had  to  be  reached 
between  the  competing  processes  of  excessive  grain  growth  combined  with 
large  samarium  losses  (from  evaporation)  on  the  one  hand  and  good 
alignment  on  the  other.  The  former  consideration  dictated  material 
depositions  at  low  substrate  temperatures  and  the  latter  suggested  the 
use  of  high  temperatures.  Success  was  partly  achieved  by  modifying  the 
powder  feed  nozzle  geometry  aimed  at  influencing  the  melting  and  plasma 
flame  residence-time  characteristics  of  the  alloy  powder  particles. 

This  resulted  in  the  fabrication  of  a  few  deposits  that  showed  extremely 
good  alignment  at  the  substrate  temperature  of  about  1020°C.  Figure 
9(A)  shows  the  C-axis  pattern  of  such  a  deposit.  Unfortunately,  as 
shown  in  Figure  9(B),  the  samarium  losses  were  still  quite  large. 

Figure  9(B)  was  obtained  from  a  post-sprayed  thermally  treated  sample  of 
a  deposit  where  the  deposition  conditions  were  similar  (except  for  a 
larger  powder  feed  rate)  to  the  sample  in  Figure  9(A).  It  should  be 
noted,  however,  that  some  variability  in  deposit  quality  was  observed 
from  run  to  run,  apparently  because  of  the  nature  of  the  process  as  it 
was  practiced.  Better  controls  on  the  various  deposition  parameters  and 
substrate  conditions  should  result  in  improved  repeatability.  The  level 
of  repeatability,  however,  appeared  adequate  for  purposes  of  this 
research  investigation.  Instead  of  expensive,  time-consuming 
corrections  to  the  equipment,  therefore,  efforts  were  concentrated  on 
actual  experimentation. 

Because  of  a  lack  of  success  at  obtaining  good  alignment  at 
temperatures  lower  than  about  1020°C,  it  was  decided  to  explore  other 
ways  of  reducing  the  evaporation  losses  from  these  materials.  The 
approach  initially  taken  was  to  form  deposits  with  alloy  powders  that 
possessed  a  coarser  size  distribution  than  was  used  for  the  earlier 
work.  It  was  hoped  that  because  of  lower  expected  samarium  losses  from 
the  surface  of  the  coarser  powder  particles  (because  of  low  surface 
a rea-to- volume  ratios  that  exist  for  the  coarser  particles),  it  might  be 
possible  to  form  well-aligned  deposits  at  the  lower  temperature  of  about 
1020°C  while  cutting  down  the  samarium  losses  appreciably  to  influence 
retention  of  high  coercivity  and  loop  squareness.  While  this  seemed  to 


result  in  reducing  the  extent  of  the  samarium  loss,  the  surface 
generally  appeared  with  a  somewhat  grainy  structure  where  the  domain 
patterns  were  not  as  well  defined.  Subsequent  magnetic  evaluations 
showed  that  the  degree  of  alignment  in  these  deposits  was  quite  poor  in 
contrast  to  deposits  fabricated  earlier  with  powder  containing  the  finer 
particle  sizes.  Polarized  light  micrographs  from  two  such  deposits  are 
shown  in  Figure  10.  It  is  to  be  noted  that  the  grain  sizes  are  smaller 
in  these  micrographs  compared  to  what  was  observed  for  the  deposits  made 
with  the  finer  powders  (see  Figure  9).  The  grain  size  in  Figure  9  can 
be  inferred  from  the  distribution  of  the  (lightly  etched)  Sm2Co17  phase 
which  almost  always  occurs  at  the  grain  boundaries. 

Alternative  procedures  were  subsequently  adopted  to  correct  for 
the  offset  in  composition  arising  from  the  evaporation-related  losses. 

Attempts  were  made  to  spray  uniformly  homogeneous  alloys  containing 
higher  levels  of  samarium.  Because  the  amount  of  second  phase  observed 
in  the  microstructure  indicated  that  an  additional  2  to  4  percent  samarium 
in  the  alloy  would  lead  to  near-elimination  of  the  second  (Sm2Co17) 
phase,  alloy  powders  which  had  higher  levels  of  samarium  were  sprayed. 

This  procedure,  however,  even  though  it  appeared  to  correct  for  the 
alloy  composition,  resulted  in  deposits  that  did  not  show  good  alignment. 

At  this  point  it  appeared  that  the  alloy  composition  had  a  strong  bearing  on 
the  potential  of  being  able  to  produce  aligned  deposits.  Therefore,  it 
was  decided  to  pursue  additional  work  with  the  alloy  composition  that 
had  proved  successful  at  achieving  crystallographic  texture.  This  approach 
included  modifying  the  composition  of  the  alloy  powder  (and,  thus,  the 
deposit)  by  blending  it  with  a  samarium-rich  alloy.  This  was  pursued 
initially  by  using  a  46  weight  percent  samarium  alloy  for  samarium  enrichment. 
Figure  11  shows  that  a  fair  amount  of  success  was  achieved  in  a  deposit 
produced  by  following  this  procedure.  A  few  areas  of  a  light  etching 
phase  were  nevertheless  observed  in  the  matrix  in  addition  to  a  few  dark 
etching  (Sm2Co7)  regions.  Very  fine  scale  precipitation  of  the  Sm2Col7 
phase  was  observed.  The  domain  pattern  observed  for  the  as-polished 
sample  is  shown  for  this  sample  in  Figure  12.  It  is  clear  that 
substantial  partial  success  was  achieved,  both  in  the  areas  of 
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Figure  10.  Polarized  light  domain  contrast  in  deposits  formed  from  coarser 
powder  at  the  substrate  temperatures  indicated. 


alignment  as  well  as  second  phase  redaction/elimination,  by  using  these 
procedures. 

The  partial  successes  noted  above  were  obtained,  as  stated 
previously,  by  enriching  the  alloy  powder  with  the  46  weight  percent 
samarium  alloy.  In  light  of  the  fact  that  problems  were  encountered  in 
terms  of  achieving  good  alignment  with  the  uniformly  homogeneous 
samarium-rich  alloy  powder,  it  was  decided  that  to  improve  the  alignment 
of  the  deposits  even  more  (than  achievable  with  powder  blends  containing 
the  46  weight  percent  samarium  alloy)  it  would  be  beneficial  to  enrich 
the  samarium  content  by  employing  an  even  richer-in-samarium  alloy. 
Powder  blends  containing  60  weight  percent  samarium  alloy  additions  were 
therefore  investigated.  Because  such  an  approach  entailed  an  additional 
reduction  in  the  volume  percent  of  the  samarium-enriching  powder,  it  was 
hoped  that  it  would  also  have  a  minimal  effect  on  the  alignment  while 
effecting  the  needed  correction  to  the  composition  of  the  deposited 
material.  Mixed  results  were  obtained  in  the  several  deposits  that  were 
formed.  Areas  of  both  good  and  poor  alignment  were  observed  as  shown  in 
Figure  13.  The  heat  treated  microstructure  observed  for  this  deposit  as 
well  as  that  for  a  similarly  fabricated  deposit  are  shown  in  Figure 
14.  While  the  former  showed  an  absence  of  the  second  phase,  the  latter 
showed  a  fair  amount  of  Sit^Co.!  7  precipitation.  The  former,  however, 
contained  a  very  large  as-deposited  grain  size  and  had  defects  that 
appeared  as  cracks.  The  coercivity  of  this  deposit  was  quite  poor, 
possibly  due  to  the  very  large  grain  size,  and,  therefore,  good  magnetic 
properties  were  not  obtained  from  this  material. 

The  next  logical  step  was  to  increase  the  powder  particle  size  of 
the  60  weight  percent  samarium  alloy.  Because  the  richer-in-samarium 
alloys  melt  at  lower  temperatures,  there  are  more  suspected  evaporation 
losses  from  the  higher-samarium-containing  alloy  powders  for  a  given 
particle  size.  It  was  hoped  that  by  selecting  a  powder  which  contained 
the  60  weight  percent  samarium  alloy  in  coarser  particle  sizes,  these 
losses  could  be  substantially  diminished.  A  few  deposits  were 
fabricated  near  the  end  of  the  program.  These  were  yet  to  be  evaluated 
for  their  properties  and  microstructure. 


Figure  14.  Deposits  fabricated  similarly  from  powder  blends  with  60  wt 
alloy  after  indicated  thermal  treatments.  3%  Nital  etch. 


Magnetic  characteristics  as  indicated  by  the  saturation 
magnetization  and  second  quadrant  4irM  versus  H  loop  behavior  were,  in 
general,  routinely  evaluated  for  deposits  that  appeared  to  have 
promise.  Of  the  many  deposits  formed  during  this  work,  only  a  few  came 
close  to  having  properties  that  fell  into  this  category.  The  magnet 
with  the  best  combination  of  properties  measured  during  this  program  had 
B^  =  7500G,  Hci  =  13  kOe,  <BH)max  =  9.3  MGOe.  The  highest  value  of 
coercivity  measured  during  this  part  of  the  work  was  20  kOe. 


SECTION  4 


SUMMARY  OF  SIGNIFICANT  RESULTS 

A  large  number  of  significant  findings  resulted  from  the  work 
performed  under  this  program.  Most  of  the  original  program  objectives 
were  met.  Some  highlights  are  briefly  noted  below. 

(1)  The  conventional  sintering  process  was  sufficiently  improved 
to  yield  aligned  SmCog  magnets  with  record  values  of  Hc^  = 

50  kOe  and  Hk  =  33  kOe. 

(2)  Hot  isostatic  pressing  (HIP)  technology  was  introduced  and 
developed  for  fabricating  improved  quality  magnets* 

(3)  Use  of  HIP  permitted  the  fabrication  of  full-circle  radially 
oriented  ring  magnets.  These  were  successfully  applied  to 
new  designs  of  gyroscopes  and  travelling  wave  tubes. 

(4)  Studies  were  performed  to  determine  thermal  expansion  match 
of  the  magnet  to  beryllium.  It  was  found  that  little 
sarcrifice  in  properties  was  required  to  achieve  good 
thermal  expansion  compatibility. 

(5)  Work  aimed  at  determining  the  causes  of  flux  instability  in 

SmCOs  magnets  provided  for  such  an  understanding  as  well  as 
the  recipe  needed  to  produce  high  flux  stability  magnets. 

(6)  Fabrication  of  temperature  compensated,  HIP  1-5  magnets  with 
near-zero  reversible  temperature  coefficient  of 
magnetization  values  was  demonstrated  as  feasible. 


Efforts  aimed  at  successfully  depositing  1-5  material  with 
the  hexagonal  C-axis  normal  to  the  plane  of  deposition 
proved  rewarding.  This  removed  the  major  obstacle  of 

potentially  producing  high  energy  product  SmCo5  magnets  by 
this  procedure. 


SECTION  5 


RECOMMENDATIONS  FOR  FUTURE  WORK 

Based  on  the  work  performed  under  this  program,  the  following 
should  be  pursued  for  maximum  utilization  of  the  materials  and  processes 
that  were  investigated. 

(1)  Optimization  of  composition,  alignment,  and  thermal 
treatment  for  producing  still  higher  energy  product 
temperature  compensated  magnets. 

(2)  Demonstration  of  the  feasibility  of  producing  full-circle 
radial  ring  magnets  from  the  temperature  compensated 
compositions. 

(3)  Development  of  the  understanding  of  the  flux  decay  mechanism 
in  the  above  magnets. 

(4)  Study  of  the  thermal  expansion  compatibility  considerations 
of  such  magnets. 

(5)  Further  development  of  the  plasma  spray  process  for 
producing  high  energy  product  SmCo^  magnets  which  combine 
high  coercivity  with  high  alignment. 
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